We investigated the stability and mechanical and electronic properties of fifteen metastable mixed sp 2 -sp 3 carbon allotropes in the family of interpenetrating graphene networks (IGNs) using density functional theory (DFT) within the generalized gradient approximation (GGA). IGN allotropes exhibit non-monotonic bulk and linear compressibilities before their structures irreversibly transform into new configurations under large hydrostatic compression. The maximum bulk compressibilities vary widely between structures and range from 3.6 to 306 TPa −1 . We find all the 
I. INTRODUCTION
Known carbon allotropes with mixed sp 2 and sp 3 hybridizations are usually amorphous 1 .
Multiple carbon crystals with mixed sp 2 and sp 3 hybridization have been proposed over the past decades [2] [3] [4] [5] [6] [7] [8] , although none of them have been convincingly confirmed by experiments.
Recent high-resolution transmission electron microscopy (TEM) images, however, suggest that interpenetrating graphene-like networks might exist locally within compressed glassy carbons 9 . Interpenetrating graphene networks (IGNs) are a family of pure carbon allotropes consisting of cross-linked graphene sheets in three dimensions (3D). 3D connectivity of sheets is achieved with sp 3 nodes that link graphene sheets and create open pores in the structures.
The open pores are rectangular prisms with parallel sp 3 carbon chains along the edges, which join sp 2 carbon ribbons of variable widths on the sides.
Similar to carbon nanotubes 10 , IGNs can be classified into armchair (A) and zigzag (Z) types according to the sp 3 chain and sp 2 sheet connectivity along the pore direction ( Fig.   1 ). There are two pairs of parallel sp 2 carbon ribbons on the four sides of IGN pores. In Z-type IGNs, sp 3 carbon atoms form six-atom rings with sp 2 carbon atoms on both pairs of parallel sides. In A-type IGNs, sp 3 carbon atoms form six-atom rings with sp 2 carbon atoms on one pair of parallel sides, but form four-and eight-atom rings with sp 2 carbon atoms on the others. The carbon ribbons on all sides can be described as a number of armchair or zigzag chains. In this work we designate A-type IGNs as Aij (Fig. 2a) , where i denotes the number of armchair chains in ribbons with four-and eight-atom rings, and j denotes the number of zigzag chains in ribbons with all six-atom rings. Similarly, Z-type IGNs are denoted as Zij (Fig. 2b) , where i and j denote the number of zigzag chains in the parallel pore ribbons. Zij and Zji are identical according to crystallographic symmetry. 
II. COMPUTATIONAL METHODS
The electronic band structures and the fixed-pressure properties were calculated using density functional theory with the projector augmented-wave (PAW) method 18, 19 within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) 20, 21 . The phonon vibrational frequencies were computed using density-functional perturbation theory (DFPT). All the DFT and DFPT computations were performed using PWSCF and phonon codes as implemented in QUANTUM ESPRESSO 22, 23 . The plane-wave kinetic-energy cutoff was 80 Ry (1088 eV). In the fixed-pressure relaxations, dense Monkhorst-Pack (MP) k-point meshes were adopted for convergence of the relative enthalpies within several meV per carbon atom.
It is known that different kinds of exchange-correlation functionals in DFT give different lattice parameters and zero-pressure stabilities relative to graphite and diamond [24] [25] [26] . The local-density approximation (LDA) and GGA are the two most widely used approximations for carbon allotropes 27, 28 and many other crystalline systems [29] [30] [31] [32] . We chose GGA as the primary method in this work because it gives better pressure-dependent phase stability predictions than LDA in some crystalline systems 33, 34 and it correctly predicts that graphite is more stable than diamond at ambient pressure 26 . Although GGA significantly overpredicts the zero-pressure volume of graphite (30 percent larger than LDA), it gives much smaller deviations for the zero-pressure volumes and lattice parameters for IGN allotropes (only 4 percent larger than LDA). Unless otherwise specified, all of the results and discussion in this paper are based on GGA-PBE calculations. For comparison, we also list results from LDA computations in the supporting information (Table SI and Figs. S1-S3).
For each IGN allotrope, we computed the enthalpy and volume (V ) after relaxation at approximately 50 pressures. We then calculated the bulk and linear compressibilities using the definitions β B = −(1/V )(∂V /∂p) T and β L = −(1/l)(∂l/∂p) T (V is volume and l is lattice distance), respectively, at different pressures. For a given IGN allotrope, we computed the detailed electronic properties and phonon dispersion at one volume corresponding to 0 GPa
(1 atm). The k-point meshes used in the electronic properties calculations were very dense compared with those used in structure relaxation so that energy band contacts and Fermi surfaces could be examined in detail.
III. RESULTS AND DISCUSSION
A. Structure and Stability
All of the IGN allotropes studied previously by Jiang et al. 12 were symmetric with respect to the pore edge lengths that are normal to the pore direction (i.e., A11, Z11, etc.). Here we expand the number of structures with asymmetric pore lengths originally proposed by Zhao 11 by adding armchair or zigzag chains to the known structures. For example, we obtained A12 or A21 by inserting one armchair chain to the primitive cell of A11, and obtained Z12 by inserting one zigzag chain to the primitive cell of Z11 (Fig. 1) . In this way, we obtained six additional A-type allotropes (A12, A13, A21, A23, A31, and A32) and three additional Z-type allotropes (Z12, Z13, and Z23) (see in Fig. 2 ). We note that an infinite number of structures could be built within this family by increasing the graphene nanoribbon widths. The 15 allotropes examined here have valuable information as to the general trends of properties within the entire IGN family. The detailed structure information of all these 15 IGN allotropes can be found in Table SII and vary widely amongst the IGN allotropes (see p ir in Table I ). Among all 15 IGNs, A32 we do not describe zero-pressure bulk moduli (as typically done for carbon allotropes), but rather discuss the pressure-dependent bulk and linear compressibilities of these phases. As pressure is initially applied from 0 GPa, the bulk compressibilities all increase except Z11 and Z12. For Z11 and Z12, bulk compressibilites decrease slightly in a specific range of pressure (0−26 GPa for Z11 and 0−6 GPa for Z12) before increasing at high pressures. The bulk compressibility reaches a maximum at a structure-dependent value, and then decreases as pressure is increased further. For Z11, this local maximum compressibility happens near 32 GPa and is insignificant compared with the other structures. Similar to graphite and diamond, the highest bulk compressibility (β B,m in Table I ) of Z11 occurs at 0 GPa (negative pressures were not considered here), whereas finite pressures for maximum bulk compressibility (p m in Table I) (Fig. 6 ).
Z33 has the largest PLC and NLC among these 15 IGNs (Table I) . Their values (PLC: Perdew−Burke−Ernzerhof functionals (PBE)). Chen et al. 13 , on the other hand, showed that Z11 is semimetal from both first-principles DFT calculations (PBE) and tight-binding modelling. Here, we confirm that Z11 is indeed a node-line semimetal based on our own DFT- PBE computations, which are in agreement with the results of Chen et al. 13 . In addition,
we investigated the detailed electronic properties of all 15 IGN allotropes using densities of states (DOS) analysis, one-dimensional electronic band dispersions, and the Fermi surface and band contacts for the semimetallic structures.
At the Fermi energy level, we found that the density of states in Z13, for example, is 7a ). Since the contact points are not located at high-symmetry points, they could be easily missed without using dense k-point grids. Similar situations exist for all of the Z-type and some A-type (A11,A12,A13,A21,A31) IGNs (Fig. 7b and Figs. S12-S15 in the supporting 13 information). Thus, all of the Z-type and five of the A-type IGNs are semimetals (no band gap, but vanishingly small density of states at the Fermi level). In contrast to this behavior, we found that some of the large-pore, A-type IGNs are semiconducting. For A33, we found a band gap of 0.48 eV in the band dispersion relations, which was also confirmed using the density of states. This is similar to the findings of Jiang et al. 12 , but the magnitude of the gap is different. We attribute the difference (including the finding that Z11 is actually a semimetal) to a finer sampling of the Brillioun zone. Similar to A33, A22, A23 and A32 are also found to be semiconductors with band gaps of 0.92, 0.96, and 0.66 eV, respectively, at the DFT (PBE) level (Figs. S10 and S11).
The semimetallic structures all show band dispersion features similar to graphene. We Different from the case of A13, the isoenergy difference surface of Z13 looks like hollow lines, Using the same procedure described above for A13 and Z13, we found that all Z-type IGNs, as well as A21, are node-line semimetals, while A11, A12, A13, and A31 are node-loop semimetals (Table II , Fig. 10 , and Figs. S17-S24 in the supporting information).
Now we come back to Z11, the first IGN allotrope suggested to be semimetallic to Z13, the Fermi surface for Z11 is also formed by two symmetric lines, and the band contact points also form two lines in reciprocal space ( Fig. 10a and b) . In addition to the isoenergy difference surface (an indirect way of showing band contact properties), we directly show that the bands contact on a line by examining the two-dimensional energy band dispersion ( Fig. 10c and d) . Although we can also see that the bands contact in the one-dimensional dispersion plot (Fig. S14 in the supporting information) , we can only observe isolated single points. In general, the whole contact line cannot be visualized by way of a two-dimensional dispersion plot, but by taking into account the crystallographic symmetry, the whole contact line in Z11 can be observed in a plane with fixed values in the b 2 − b 1 direction (Fig. 10c-f ) (Fig. 10f) . Thus, we also demonstrate that Z11 is a node-line semimetal in both indirect and direct ways.
IV. CONCLUSION
In this work, we demonstrate that interpenetrating graphene networks are metastable pure carbon allotropes with relatively low formation enthalpies (0.1 − 0.5 eV/atom). Among all 15 IGN allotropes with mechanical stability at 1 atm, Z33 is the most energetically favorable IGN allotrope at P <1.7 GPa and Z11 is the most energetically favorable one at pressures P >9.7 GPa. Between 1.7< P <9.7, Z13 is the most energetically favorable. These novel carbon allotropes offer attractive multifunctional properties that might see 
